Abstract : Positioning systems supported by satellites are increasingly used because of the widespread use of cheap and small personal Global Positioning System (GPS) receivers. Personal GPS receivers are used in cellular phones and car navigation systems. The positioning method used by these personal GPS receivers often produces inaccurate positioning results. Because of the price and size constraints of personal GPS receivers, their accuracy is compromised, and as a result, high-accuracy positioning methods are not widely used. In this paper, we propose a high-accuracy positioning method that can be used with personal GPS receivers. Our proposed method is based on a new approach that takes into account both the systems and solar wind environments. To verify our method, we target the positioning accuracy equivalent to that of the dual-frequency positioning system, which is the highest-accuracy positioning method among all standalone positioning methods. Our approach is implemented in software only, meaning it can be implemented in even the most widely used GPS receivers. Processing speeds associated with the implementation of our proposed method using the CPUs of cellular phones and car navigation systems are well-tolerated.
Introduction
Fifteen years have past since satellite positioning was first made available to public uses. Satellite positioning is commonly used in car navigation, cellular phones, and measurement systems. New uses of satellite positioning have not been announced since its introduction. One reason for such stagnation, which is also the most serious problem with satellite positioning, is that the positioning method is difficult to use and the position accuracy in unsatisfactory. The accuracy is within approximately about 15 m, leading much to research on highaccuracy positioning systems. Error mitigation methods help to improve the accuracy, but a special receiver is required and the popular personal GPS receiver cannot be used. With millions of personal GPS receivers used for cellular phones and car navigation systems and the number of personal GPS receivers estimated to reach a billion by 2013, the demand for personal GPS receivers in the future is clearly high. Users are looking for smaller and cheaper personal GPS receivers. A typical personal GPS receiver is priced at under 4 USD and requires approximately a square inch of space on a circuit board to house a single chip. In this paper, we propose a high-accuracy positioning method that can be used with personal GPS receivers. Common methods for acquiring satellite coordinates are Range and Range-Rate (RARR) [1] and Satellite Laser Ranging (SLR) [2] . Our focus is on the error-correction method. Errors affecting GPS include ionospheric, tropospheric, multipath, satellite positioning error, receiver error, and pseudorange errors. We target a pseudorange error in the input data provided by the positioning system. Error correction for other satellite coordinates is difficult; the influence of the correction error on positioning results is small. Further, because of the excessive computational requirements, it is not feasible to perform error corrections for satellite coordinates in personal GPS receivers. Moreover, most of the errors in input data are due to the influence of pseudorange. In our research, we confirm the extent of pseudorange error. We also determine the correlation between pseudorange error and elevation. Based on these findings, we propose a new error correction model for pseudorange error correction. In addition to this introductory section, we describe the previous error mitigation method in Section 2. We describe the construction of the proposed model in Section 3, in which a model implemented based on one year of data using multivariate analysis is described. In Section 4, we describe positioning results using the proposed model in comparison with classical positioning results. In Section 5, we conclude and evaluate our proposed method by verifying whether our proposed algorithm can be implemented in existing cellular phones. Finally, we confirm whether this proposed method influences the positioning result.
Error Mitigation Methods
Positioning errors have been addressed by a variety of methods. Among the methods that eliminate positioning errors, the method that corrects the main cause of the positioning error is available. Error types are summarized as follows:
• Error that originates from a satellite
• Error that originates from a transmission path
• Error that originates from a receiver and the pseudorange, which is the distance between the receiver and the satellite, are acquired. The largest contributor to error is pseudorange error, which is caused by ionospheric [3] and tropospheric [4] phenomena. Ionospheric error is usually reduced using dual-frequency signal reception [5] and the Klobuchar model [6] . The dual-frequency approach can correct almost 100% of the error introduced in the ionosphere, while the Klobuchar model corrects up to 50%. A parameter required in the Klobuchar model is provided by a GPS satellite at an interval of 12.5 minutes. Klobuchar model cannot be used in real time. Tropospheric error is usually reduced using the Saastamoinen model [7] and Hopfield model [8] . There are advantages and disadvantages to using the Saastamoinen model and Hopfield model for the correction of tropospheric errors. Both these models correct up to 50% of the errors. Other factors contributing to error in the input data include hardware [9] , a satellite's orbit, time-related error, and multipath error. Representative error correction methods and their efficiencies are summarized in Table 1 . Causes of multipath include ionospheric reflection and refraction, as well as reflection from water bodies and terrestrial objects such as mountains and buildings. There are restrictions and limitations when removing errors via the methods shown in Table 1 . Such restrictions are summarized as follows:
• Positioning takes time.
• When the correction data of the positioning is used, it is only possible to position it near the reference station.
• The receiver becomes larger in physical size.
Approach Model Policy
Fundamental user requirements for a personal GPS receiverbased positioning system include the following:
• Standalone positioning
• Low cost
• High accuracy
• Real-time positioning
• Small receiver size To meet these requirements, the receiver size certainly cannot be increased. Because these requirements cannot be met by existing correction methods, the realization of high-accuracy positioning is to be executed in software. We determined that we needed to develop a new method for reducing positioning error. We therefore evaluated and confirmed the existing positioning algorithms. To properly frame the problem, the general positioning algorithm is illustrated in Equation (1). Solving for the unknowns, the positioning point can be estimated.
The unknowns of Equation (1) are one's position (x, y, z) and clock error Δs. To solve for the four unknowns, signal reception using at least four satellites at the same time is required. Input data consists of satellite positions (x i , y i , z i ), where (i = 1, · · · , N), and pseudorange ρ i (i = 1, · · · , N). The satellite coordinates can be obtained from the broadcasted ephemeris. The orbit error is approximately 5 m. As shown in Table 2 , the influence of the GPS satellite orbit error on positioning results is negligible. Therefore, we decided to focus our mitigation efforts on pseudorange error. Almost all errors are caused by the influence of pseudorange. As previously explained pseudorange error is error that originates from a satellite, error that originates from a transmission path and error that originates from a receiver. Since multipath is an error generated during reception of signal, it is excluded in the proposed method. Figure 1 shows the relationship between the atmospheric layer, pseudorange and elevation. First, considering the size of the general pseudorange error, the atmospheric layer has the largest influence on it. An atmospheric layer consists of the ionosphere and the troposphere. Next, we focus on pseudoragne and elevation angle. The lower the elevation angle, longer is the transmission line. For positioning using satellite, we regard/assume the earth as a sphere. Therefore, there are correlations between pseudorange and elevation. In Fig. 1 , the satellite in the zenith direction is Satellite1. In the atmospheric layer, the transmission line of the zenith direction is the shortest. From Fig. 1 , the following relationship is verified.
The satellite information from zenith direction becomes at short times is passage time of the atmosphere. The difference between the zenith direction and 0 degrees of elevation is 7.14 × 10 5 m. We propose a new model based on the correction of pseudorange using the elevation angle of the satellite. In constructing our fundamental governing expression, the pseudorange error is derived from the elevation angle of the satellite. For confirmation, we measure the changes at the atmospheric layer, which is influenced by the sun. In reviewing the influence of the sun, two aspects have to be considered. The period of revolution of the Earth and the axial rotational period of the Earth. The cycle of the sun around the Earth is one year. Therefore, we should confirm all positioning data throughout one year. The Earth spins on its axis with a rotational period of one day. Therefore, the data used are contiguous data covering more than one day. We acquired data once a week for one year, resulting in a total of 53 data sets. Figure 2 shows the typical elevation angle and pseudorange error. The pseudorange error was obtained from the accurately calculated receiver position and the satellite position. The accurate receiver position is calculated from the time required during carrier wave positioning and satellite positioning acquired from the International Global Navigation Satellite System Service [10] . We describe a coordinate of the antenna in Table 3 . From Fig. 2 , we find that the smaller the low-elevation angle, larger is the pseudorange error. Further, the influence of the sun on the atmospheric layer is confirmed. Figure 3 shows the typical pseudorange error in a day. During daytime, pseudorange error becomes larger due to solar irradiation. The estimated interval of the presence or absence of solar irradiation is described in Table 4 . The pseudorange error is 20 m or more when all satellites are available at a low-elevation angle. The pseudorange error is 30 m or more when the sun can be directly seen.
The lower the elevation angle, the larger the error becomes. The same condition is applied to shadowed areas even with a small change in the elevation angle, because the pseudorange of a low-elevation satellite is not completely hidden from sunlight. In other words, the sun does have an influence, and the proposed model is therefore based on the correction of pseudorange, taking into account the influence of the sun.
Multivariate analysis is performed on these data. The variables used are the satellite elevation angles and the pseudorange errors. In the basic expression of the model, the data represents the absence of solar irradiation (i.e., without the influence of the sun). Further, the change in the Earth by the period of revolution from Fig. 2 is not seen. The pseudorange error has logarithmically improved in the case of a high-elevation satellite. Therefore, the basic expression of the model is assumed to be the following expression:
where, Δr is the correction value of the pseudorange error, and E is elevation of the satellite. A and B are obtained by using the least squares method for regression analysis, specifically, A and B are calculated and incorporated into Equation (3) as follows:
As can be seen in Fig. 3 , accuracy deteriorates occasionally. Poor accuracy is caused by a low-elevation satellite in the presence of solar irradiation. Therefore, the pseudorange error is influenced by the sun, and a correction value for the sun is calculated. The correlation of pseudorange error and satellite elevation does not change in the presence or absence of solar irradiation. Therefore, the basic expression of the correction model uses Equation (1) . The model for daytime is obtained using regression analysis based on the least squares method. We calculate for difference of elevation from the presence of solar irradiation and the absence of solar irradiation. S is the result calculated based on the least squares method. Where S is the correction value of the sun, which is calculated by the least squares method in a similar fashion to Equation (3). The calculated result is shown via the following formula:
The correction model in the presence of solar irradiation is shown in the following formula:
Therefore, our proposed method is represented as follows:
S unshine : S = 0.0354 log E +1.0331
Positioning Results
We applied our proposed model for correcting pseudorange error. The results of our pseudorange corrections are presented in Fig. 4 , in which the x-axis is the elevation of the satellite and the y-axis is the pseudorange error. The input data correspond to Fig. 2 .
The pseudorange error suppression is approximately ±5 m, and this corrected data served as the input data for positioning. Positioning results are shown in Fig. 5 , showing standalone, corrected standalone, and our new method positioning.
In the figure, the x-axis is the direction of longitude and the yaxis is the direction of latitude. Numerical results corresponding to Fig. 5 are presented in Table 5 by showing Twice the Distance Root Mean Square (2DRMS) and standard deviation values.
As shown by our findings, positioning results have been improved. Our proposed method has outperformed standalone positioning by 2.45 m. Standalone positioning was performed using a typical personal GPS receiver. Correction of standalone positioning utilized dual-frequency positioning and the Klobuchar model, requiring a high-cost receiver that is likely to be larger in size.
Conclusion
The objective of our research was to implement a new highlyaccurate positioning method in which personal GPS receivers can be used. The current positioning error of correction methods does not satisfy user requirements. The positioning estimate of our proposed method is more accurate than a typical standalone positioning approach. Among standalone positioning methods without using reference stations, the corrected standalone positioning achieves the highest positioning accuracy. The difference between the standard deviations of the corrected standalone positioning and new method positioning in Table 5 is about 40 cm. But, the corrected standalone positioning cannot be implemented in real time. Our proposed method shows the same positioning degree of result as the positioning result using the method of correcting the error. We have considered the fundamental user's requirements for a personal GPS receiver-based positioning system. The proposed method meets the requirements of a low cost, high accuracy and real-time positioning system. The reviews regarding "low cost" and "small size" will be described in Subsection 5.1. Furthermore, posi- tioning is used in various places. Positioning accuracy depends on the positioning location. Therefore, we confirm whether the positioning accuracy of the proposed method depends on the positioning location in Subsection 5.2.
Application Potency by Cellular Phone
The specifications of the PCs used in this research are described in Table 6 . The average processing time of data is 0.005 seconds using a typical Pentium-based personal computer.
We compare computer processing speeds with the CPU processing speed of a typical cellular phone. More specifically, we evaluate the ARM9, which is used in most cellular phones. The CPU performance of a cellular phone is approximately 1 50 of that of a Pentium-based machine. Therefore, the processing time of our method on a cellular phone is estimated to be approximately 0.25 seconds, which is sufficiently acceptable in a somesthetic sense. The proposed method meets user requirements such as standalone positioning, high accuracy, realtime positioning, and a small low-cost receiver. Our proposed method can be applied to personal GPS receivers. Therefore, the target of our new approach to high-accuracy positioning was achieved successfully. Our proposed method corrects the pseudorange error and provides such corrected values as input data. Therefore, our proposed method can be used worldwide even in cellular phones, car navigation systems, etc.
The Dependency Is Confirmed Based on the Positioning Results
Positioning is used at various places. Therefore, we confirm whether the positioning results of the proposed method depend on the location of positioning. The confirmed positions/locations are described in Table 3 .
The distance in Table 3 is 253912.033 m. With 5 seconds per cycle, the time taken for data acquisition was 40 minutes. Positioning results are shown in Fig. 6 . In the figure, the x-axis is the direction of longitude and the y-axis is the direction of latitude.
Our proposed method has outperformed standalone positioning by the 2DRMS value of 1.88 m. Our proposed method shows the same positioning degree of result as the positioning result using the method of correcting the error. Therefore, the proposed method did not depend on position, was proven to be effective. The proposed method meets the user's requirements and can be used with the current personal GPS receivers.
